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Abstract The paper reports new results of the 57Fe Mössbauer measurements on Fe3PO4O3 powder 
sample recorded at various temperatures including the point of magnetic phase transition TN ≈ 
163K. The spectra measured above TN consist of quadrupole doublet with high quadrupole splitting 
of ∆300K ≈ 1.10 mm/s, emphasizing that Fe3+ ions are located in crystal positions with a strong 
electric field gradient (EFG). In order to predict the sign and orientation of the main components of 
the EFG tensor we calculated the EFG using the DFT approach. In the temperature range T < TN, 
the experimental spectra were fitted assuming that the electric hyperfine interactions are modulated 
when the Fe3+ spin (S) rotates with respect to the EFG axis and emergence of spatial anisotropy of 
the hyperfine field Hhf ∝ Ã⋅S at 57Fe nuclei. These data were analyzed to estimate the components 
of the anisotropic hyperfine coupling tensor (Ã). The large anharmonicity parameter, m ≈ 0.94, of 
the spiral spin structure results from easy-axis anisotropy in the plane of the iron spin rotation. The 
temperature evolution of the hyperfine field Hhf(T) was described by Bean-Rodbell model that takes 
into account that the exchange magnetic interactions are strong function of the lattice spacing. The 
obtained Mössbauer data are in qualitative agreement with previous neutron diffraction data for a 
modulated helical magnetic structure in strongly frustrated Fe3PO4O3.  
 
1 Introduction 
The Fe3PO4O3 (or Fe3PO7) phosphate, known in the literature as the mineral grattarolaite [1], 
forms a noncentrosymmetric crystal lattice consisting of triangular units (Fe3+)3, which are coplanar 
with the hexagonal (ab) planes. The local coordination of Fe3+ ions is a distorted trigonal bipyramid 
(FeO5) cluster. These clusters are arranged in triangular subunits linked to one face within the iron 
triangle. Below TN = 163 K, previous magnetic and thermodynamic measurements [2] revealed very 
strong magnetic Fe3+ coupling (ΘCW ∼ -1000 K) with frustration parameter, |ΘCW|/TN > 6, indicating 
significant frustration of the antiferromagnetic interactions. According to the recent powder neutron 
diffraction data [2], the strong frustration induces an ordered helical incommensurate structure with 
the helical axis in the hexagonal (ab) plane and modulation wave vector of modulus |δ| = 0.073 Å-1. 
It was shown that the wave vector kh = (δa, δb, 1.5) for the modulation does not change as a function 
of temperature. There are two types of near-neighbor magnetic exchange interactions (Fig. 1): the 
nearest-neighbor J1 exchange (z1 = 2) within the triangle (Fe)3, and the J2 exchange (z2 = 4) 
coupling trigonal units in different c-axis layers. According to [2], the observed commensurate 
antiferromagnetic order along the c-axis implies that the J2 exchange is dominant, and the helical 
modulation within the (ab) plane arises as a compromise for the competing J1-J2 interactions. 
One of the intriguing features of the magnetic structure in Fe3PO4O3 is the needle-like domains 
[2]. The small in-plane correlation length (∼70 Å) persisting down to the lowest temperatures 
(T << TN) blocks of long-range order of the helical magnetic structure. It was assumed that the 
appearance of domain walls in the structure is a result of the frustrated J1 interactions within 
triangular (Fe)3 units [2]. However, the mechanism for stabilization of domains in antiferromagnetic 
phase is not well understood. Moreover, because of the high concentration of disordered domains, 
neutron diffraction on the powder does not allow uniquely to determine the orientation of the helix 
axis within the (ab) plane. 
In this work, we present the results of the first detailed Mössbauer study of Fe3PO4O3 in a wide 
temperature range, including magnetic phase transitions. Since previous 57Fe Mössbauer data were 
reported only above TN [3, 4], we performed measurements new experiments down to 15 K in order 
to complement the study of unusual magnetic structure of this triangle-based material. In the range 
T < TN, the spectra are analyzed assuming a space-modulated helical magnetic structure proposed in 
[2]. Such an approach allows us to reproduce, from experimental spectra, the profile of the spatial 
anisotropy of the hyperfine field, Hhf and the large easy-axis anisotropy in the plane of the iron spin 
rotation. We carried out a detailed analysis of the temperature dependences of hyperfine parameters 
in light of the peculiarities of the electronic and magnetic states of the iron ions in Fe3PO4O3. 
 
2 Experimental 
The powder Fe3PO4O3 sample was prepared by two-step solid-state reaction. Firstly, we 
prepared iron phosphate FePO4 by mixing the stoichiometric amounts of FeC2O4·2H2O and 
NH4H2PO4, and then two-step annealing was performed at 350°C for 12 h  and at 620°C for 12h in 
air. Secondly, we mixed stoichiometric amounts of Fe2O3 and FePO4 powders and annealed at 
950°C for 12h, and finally annealed several times at 1075°C for 12h. 
X-ray powder diffraction (XRPD) data were collected at RT on a RIGAKU MiniFlex600 
diffractometer using CuKα radiation (2θ  range of 10−80°, a step width of 0.02°, and scan speed of 
1 deg/min). The XRPD patterns of the synthesized samples showed the formation of the unique 
rhombohedral Fe3PO4O3 phase (space group R3m). The refined lattice parameters of Fe3PO4O3 in 
hexagonal reference (a = 8.006(1) Å and c = 6.863(4) Å) are in good agreement with literature data 
[3]. In what follows, the rhombohedral Fe3PO4O3 phase will be referred as “Fe3PO7”. 
Mössbauer experiments were performed in transmission geometry with a 1500 MBq γ-source 
of 57Co(Rh) mounted on a conventional constant acceleration drive. The spectra were fitted using 
the SpectrRelax program [5]. The isomer shift values are referred to that of α-Fe at 300 K. 
Density functional theory (DFT) calculations [6] of quadrupole splitting were used for study 
electronic state and crystal environment of iron in Fe3PO7. DFT calculations were made using the 
ORCA program [7]. Electric field gradient was calculated for the cluster, which contains 40 atoms 
using density B3LYP [8] functional available in the ORCA [7] package. The def2-TZVPP [9] basis 
for EFG tensors calculation was selected. 
 
3 Results and discussions 
The 57Fe Mössbauer spectra of Fe3PO4O3 measured in the paramagnetic temperature range 
(T > TN) (Fig. 2a) consist of a single quadrupole doublet with narrow (W = 0.31(1) mm/s) and 
symmetrical lines, emphasizing the uniformity of structural positions of iron atoms in the phosphate 
[3]. The value of the isomer shift δ300K = 0.33(1) mm/s corresponds to high-spin ions Fe3+(d5, S = 
5/2 ) located in oxygen (FeOn) polyhedra with coordination number n > 4 [10]. It is interesting that 
the observed δ value is closer to typical values of isomer shifts (δ300K ∼ 0.36 mm/s [10]) for Fe3+ 
ions in octahedral oxygen surrounding where, in contrast to trigonal bipyramidal (FeO5) polyhedra 
(δ300K ∼ 0.27 mm/s [10]), the Fe-O bonds are considered to be almost entirely ionic. Apparently, this 
coincidence is due to the fact that the Fe←O transfer of the electron density in trigonal bipyramidal 
(FeO5) polyhedra induces a simultaneous increase in the 4s and 3d orbital populations of iron ions, 
which affects the value of the isomer shift in the opposite directions [10, 11]. Mutual compensation 
of these two effects possibly renders the resulting isomer shift “less sensitive” to specific chemical 
bonds of iron in oxides, in contrast to quadrupole splitting which allows estimating the symmetry of 
local surrounding and spin state of Fe3+ ions. 
The high quadrupole splitting of the doublet ∆300K = 1.10(1) mm/s shows that the 57Fe nuclei 
are located in crystal positions with a strong electric field gradient (EFG). As the EFG reflects the 
asphericity of the charge-density distribution near the probe 57Fe nucleus, it is directly related to the 
electron-density distribution and the symmetry in the nearest environment of the chemical bond. To 
get a better understanding of the charge redistribution effect in the Fe3PO7 lattice, we calculated the 
EFG using the density-functional theory (DFT) method [6]. The components (Vij) of the EFG can be 
calculated directly from the electronic and nuclear charge distribution by [7]: 
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where r is the electronic position relative to the 57Fe nucleus, Rk is the distance between 57Fe and 
nucleus “t”, ri(j) and ξk,i(j) (i, j = x, y, z) are the projections of the vectors r and Rk, respectively, φk(l) 
are the basis single-electron wave functions (for ex., “atomic” orbitals), {Pkl} are the elements of 
the density matrice [7]. First contribution in (1) is the asymmetric distribution of the valence 
electrons (Vel) of the iron ion under consideration. Second, the lattice contribution (Vlat) arising 
from the point charges (Zt) in the surroundings. The calculated Vel and Vlat values for the principal 
component VZZ (where |VZZ| ≥ |VYY| ≥ |VXX|) are elZZV = -9.40×1021 V/m2 and latZZV = -3.05×1021 V/m2. 
Obviously, the total VZZ value is dominated by the valence electrons. To a good approximation, the 
valence contribution is determined by the anisotropy ∆np and ∆nd of the p and d electrons [12]: 
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where a ∝ <r-3>p and b ∝ <r-3>d are the average values of the inverse radial functions the p and d 
electrons. Using the Mulliken population analysis [13], we calculated the corresponding deviations 
∆np = 0.018 and ∆nd = -0.035 (Table S1). According to this evaluation, the anisotropy ∆nd is much 
more pronounced than that of ∆np, indicating stronger anisotropic spatial distribution of d electrons 
compared with that of the p electrons. The negative el dZZ,V 3 ∝ ∆nd value shows that excess charges are 
accumulated in the z direction and the contributions from dxz, dyz and dz2 orbitals dominate over 
those of dx2-y2 and dxy orbitals oriented within the xy plane. Such a redistribution of d electrons 
qualitatively agrees with the local symmetry of the distorted trigonal bipyramid (FeO5) clusters, 
where the apical Fe-O bonds are more elongated than equatorial ones. It should be noted, that 
although ∆nd is significantly greater than ∆np the much larger expectation value <1/r3>np of the np 
radial functions causes the large contributions of the core np electrons (n = 1- 3) to the EFG. 
Using the calculated EFG components VXX = 2.154×1021 V/m2, VYY = 4.638×1021 V/m2, VZZ = 
-6.792×1021 V/m2 and the asymmetry parameter η = 0.366 defined as the ratio (VXX – VYY)/VZZ, we 
evaluated the quadrupole splitting ∆ = eQVZZ/2(1 + η2/3)1/2 (taking the value of Q = +0.16 b for the 
nuclear quadrupole moment of the 57Fe [11]). A reasonable agreement between the experimental 
(1.01 mm/s) and theoretical (1.159 mm/s) values of ∆ was obtained. The component VZZ was found 
negative as well indicating that the quadrupole coupling constant eQVZZ is negative (for the positive 
Q). The calculations revealed that the VZZ component makes an angle of β ≈ 400 with the c-axis in a 
hexagonal coordinate system (Fig. 2b) and a positive VYY component perpendicular to the c-axis, 
thus VYY is lying in the plane (ab) at about 600 from the b axis. 
 Below TN ≈ 163 K, a complex Zeeman magnetic structure appears in the Mössbauer spectra 
(Fig. 3). The observed inhomogeneous line broadenings of the spectra reflects a high degree of 
correlation between the values of the magnetic hyperfine field Hhf at 57Fe nuclei and quadrupole 
shift (εQ) of the Zeeman components. It should be noted that a similar hyperfine magnetic structure 
was observed for the iron oxides BiFeO3 [14, 15], AgFeO2 [16] and FeVO4 [17] possessing a non-
collinear magnetic structure. To describe the inhomogeneous line broadening, we took into account 
the dependence of the quadrupole shift εQ on the polar (θ) and azimuthal (ϕ) angles of the magnetic 
hyperfine field Hhf with respect to the principal axes of the EFG tensor. The goodness of the fit has 
been significantly improved using the first ( )1(Qε ) and second ( )2(Qε ) order of perturbation theory [18]:                   
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where mI are magnetic quantum numbers; eQVZZ is the quadrupole splitting constant, which equals 
that in the paramagnetic state (T > TN) if there is no distortion of the crystal lattice at TN, ξ = ±1/2 is 
a coefficient depending on the specific line in the Zeeman structure, µn is the nuclear Bohr 
magneton, and gex is the gyromagnetic ratio of the excited state. In our model, we suggested also a 
spatial anisotropy of the hyperfine field Hhf ∝ Ã⋅S at the 57Fe nuclei, which can be described as 
angular dependency of the hyperfine coupling tensor (Ã) in the system defined by principal axes of 
the EFG tensor (Fig. 2b). For systems where the anisotropy is not too large, in place of actual field 
Hhf, to use the component Ã⋅S parallel to the spin direction h|| ≡ Hhf(||S). For general case, Axx ≠ Ayy 
≠ Azz the expression for h|| is written in the following form:  
                                           h||/S = Ãis + 1/6Ãan(3cos2θ - 1) + ηmsin2θ⋅cos2ϕ,                                    (4) 
where Ãis = 1/3[Axx + Ayy + Azz] and Ãan = [2Azz - Axx - Ayy] are isotropic and anisotropic parts of  the 
hyperfine coupling tensor Ã, respectively, ηm = 1/2[Axx - Ayy] is the magnetic asymmetry parameter. 
The both angles θ and ϕ can be expressed by the angle ϑ, describing position of magnetic moment 
vector µFe on the rotation plane, and the Euler angles (αβγ), describing relation between principal 
(XYZ) axes of the EFG tensor and the rotation plane (Fig. 2b). Therefore, the experimental spectrum 
is approximated as a superposition of the Zeeman patterns each of them is characterized by a 
different value of the rotation angle ϑ, which varies continuously in 0 ≤ ϑ ≤ 2pi interval. The fitting 
was done using formulas (1-2) in different iron sites. Finally, to take into account anharmonicity 
(bunching) of the spatial distribution of the magnetic moments of Fe3+, Jacobian elliptic function 
[16, 19] was used: 
                                                        cosϑ(x) = sn[(± 4K(m)/λ)x, m],                                                  (5) 
where λ is the period of helicoid, K(m) is the complete elliptic integral of the first kind, and m is the 
anharmonicity parameter related to the distortion (anharmonicity) of the spiral structure [16]. 
According to the helicoidal magnetic structure of Fe3PO7 [2], the magnetic moments µFe are 
constant in magnitude and rotate in the plane containing the hexagonal c axis. However, using only 
the neutron powder diffraction data, the determination of the helical plane direction (n) in the (ab) 
plane is difficult due to domain and powder averaging [2]. Therefore, applying the above fitting 
procedure, we systematically investigated a range of the angle β (50 ≤ β ≤ 900), by taking two other 
Euler angles (α,γ) as adjustable parameters. In additional to the usual variables (δ, eQVZZ), assumed 
to be equal for all Zeeman subspectra, the principal components {Axx, Ayy, Azz} of the tensor A~ and  
anharmonicity parameter m were used as adjustable parameters. The value of asymmetry parameter 
η = 0.366 evaluated from the point charge calculations was fixed during the fitting processes. The 
resulting χ2 values for the fits are showing in Fig. 4 as a function of the variation in the angle φ 
between the helical plane direction n and the projection of the of the principal component VZZ on 
the (ab) plane (inset for Fig. 4). This angle is directly related to Euler angle φ = cos-1{cosβ/0.643} 
in accordance with directions of the EFG principal components calculated previously. It is clearly 
visible that the best fit is obtained when the helical plane direction n is oriented in the (ab) plane at 
φ = 550 ÷ 650 (or about 300 from the a axis). This fit to the 15 K spectrum, obtained in this way, is 
shown in Fig. 3. Then, we tentatively fitted the spectrum assuming that the n direction is 
perpendicular to the hexagonal (ab) plane that corresponds to the Euler angle β ≈ 500 (Fig. 2b). 
However, in this case the fit was of much poorer quality (χ2 ≈ 5.64) than previous ones, and this 
supposition should be ruled out. At this point we can note that the analysis of the complex 
Mössbauer spectra at T << TN not only confirms several features of the helicoidal magnetic 
structure proposed in [2] but also allows to refine the helical plane direction, which cannot be 
determined from neutron powder diffraction data.  
The hyperfine parameters deduced from the spectrum at T = 15 K are δ  = 0.43(1) mm/s, eQVZZ 
= -2.28(2) mm/s, W = 0.32(1) mm/s. The fitted quadrupole coupling constant eQVZZ has the same 
order of magnitude as the double quadrupole splitting (2∆170K ≈ 2.23 mm/s) measured just above 
TN ≈ 160 K. Inequality of the principal components AxxS = 458(1) kOe, AyyS  = 465(1) kOe and AzzS 
= 472.4(3) kOe reflect the spatial anisotropy of hyperfine field. Using these values, we traced a 
polar diagram of spatial anisotropy in the system defined by principal axes of the rhombic (η ≠ 0) 
EFG tensor (Fig. 5a). The projections of the Hhf vector on the helical plane generate an elliptical-
like profile with the maximal Hα ≈ 469.3(5) kOe and minimal Hβ ≈ 472.1(5) kOe components (Fig. 
5b). The diagonal components (Aii) of the hyperfine tensor A~ are composed of three contributions: 
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where PFe = gegNβeβN  is the proportionality factor, σµνP is the spin-density matrix, r is a radius-vector 
that points from the nucleus to the electron, ρ(0) is the spin density at the iron nucleus, {gii}i= x,y,z 
are the components of the effective effgɶ tensor, {φk, φl, ...} is the set of basis 3d-functions. The first 
term in Eq.6 is the isotropic Fermi contact contribution, which determines the sign of the hyperfine 
tensor.  
The anisotropy arises from the second and the third terms in Eq. 6 corresponding to the orbital 
(Ãorb) and the electronic dipolar (Ãdip) components, respectively. The orbital term Ãorb corresponds 
to the magnetic field produced at the nucleus due to orbital currents. In general, the low-symmetry 
crystal field quenches the orbital angular moment, but the spin-orbit coupling restores it an amount 
of Li ∝ (gii - 2)S [7]. Thus, the anisotropic orbital term arises from the anisotropy of the effgɶ -tensor, 
which differs very little from ∼ 2 for the high-spin Fe3+ ions with A1g orbital singlet ground state. 
The dipolar term Ãdip does not vanish only when the spin density is aspherical. For isolated high- 
spin Fe3+ ions having spherical 3d electron distribution this term turns into zero. However, covalent 
effects due to the anion-cation Fe3+-O2- → Fe2+-O-(L) charge transfer in the low-symmetry distorted 
FeOn polyhedra produces inter-configurational mixing effects, in particular, mixing of the (3d5)6A1g 
term with the orbitally active (d6L) 6T1g/6T2g terms for the charge transfer configuration d6L, where L 
denotes the oxygen hole. As a result, we arrive at nonzero Ãdip. To verify this assumption, we used 
the Mulliken populations ( ( )3dn↑ ↓ ) of the spin-polarised 3d orbitals (Table S1) obtained from the DFT 
calculations. Substituting these values into the expressions for the principal dip ( )ii 3[ ]dA n↑ ↓  components 
(Eq. S3), we evaluated the theoretical values dip
xx
A S =  -0.53 kOe, dipyyA S = -0.04 kOe and
dip
zz
A S = 0.57 
kOe, the difference between which is significantly less than the corresponding experimental values. 
The above estimates show that the observed in our experiments anisotropy of the hyperfine field at 
the 57Fe nuclei is not related to the intrinsic features of iron electronic state in Fe3PO7 (non-
quenched orbital contribution, reduced spin state, anisotropic charge-transfer ...) as was assumed 
previously in Ref. [2].  
   Another “external” source of an anisotropy of the local field Hhf at the nucleus of the high-
spin Fe3+ ions is an dipole field ÃD induced by the neighboring magnetic ions: 
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where k(t) is the summarized index on all positions of t-ion, ξik = {xk, yk, zk} and Rk are Descartes 
coordinates (refer to the principal EFG axes frame) and radius vector of t-ion in position k(t), µik is 
the projection of the iron magnetic moment. Substituted in the Eq. 4 the coordinates (ξik) of the iron 
ions within the triangle plane and in different c-axis layers, taken from [2], the values of dipole 
contributions were evaluated: DxxA = -2.1 kOe, 
D
yyA = -4.6 kOe and DzzA = 6.7 kOe. Using these values, 
we calculated the anisotropic part of the hyperfine coupling tensor DanA = 20 kOe associated with the 
dipole field, which is close to the experimental value of Ãan = 20.8(8) kOe from Eq. 4. We thus 
conclude that the main contribution to the observed spatial anisotropy of Hhf is due to the anisotropy 
of the dipole field ÃD induced by the neighboring iron ions.  
Since the large isotropic contribution to the internal Hhf field resulting from the Fermi contact 
interaction of the intrinsic spin of the Fe3+ ion with ns-electrons exceeds by two orders of magnitude 
the anisotropic contribution, one may take into account only the projections of the anisotropic fields 
(hD) on the direction of the isotropic hyperfine field: 
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where ϑ is the between the direction of Hhf and the local x' axis oriented perpendicular to the 
hexagonal c axis, which is located within the (x'y') plane of spin rotation (Fig. 5b), µ0 is the 
permeability constant. Using the above expression (in the coordinate system where iron ions spin 
rotates), we plotted a polar diagram hD(ϑ) (in Fig. 5b), which qualitatively reproduces the distorted 
elliptic-like profile of the experimental hyperfine field Hhf(ϑ). Notice, the axes Hα and Hβ of the 
ellipse do not necessarily coincide with the principal axes x' and y' of the Ãdip tensor oriented in the 
(x'y') plane at ∼200 from the c(∼||y') axis (Fig. 5b). Some deviations of these profiles may be related 
with the small contribution of the anisotropic field ∼(Ãorb + Ãdip)⋅S due to the reduction of the 
symmetry of the Fe3+ wave functions from cubic in the low-symmetry crystal field.  
The use of the above model allowed to satisfactorily describe the entire series of experimental 
spectra measured in the magnetic ordering temperature range 15 K ≤ T < TN (Fig. 3). We could not 
find any visible anomalies in the temperature dependences of hyperfine parameters (Fig. 6). The 
isomer shift δ(T) gradually decrease in accordance with the Debye approximation for the second-
order Doppler shift [10] (Fig. 6a). The best fit for effective Debye temperature ΘD = 552(3) K is in 
good agreement with the corresponding values for the Fe3+ ions in other iron oxides [11]. In the 
same temperature range, the observed eQVZZ(T) dependence (inset for Fig. 6a) is mainly due to the 
temperature variation of the lattice Vlat(T) contribution to the EFG, which can be described using a 
semi-empirical relation |eQVZZ(T)| = A(1 - B⋅T3/2) with A = 2.277(9) mm/s and B = 5.8(8)·10-6 K-3/2.  
Taking into account the pronounced temperature dependence of the Fe3PO7 crystal parameters 
near TN [2], the temperature dependence of magnetic field Hhf(T) = S/3{Axx(T) + Ayy(T) + Azz(T)} 
can be analyzed using the Bean-Rodbell (B-R) model [20] than normal Brillouin function (Fig. 6b). 
In this approximation [20] the exchange magnetic interactions are considered to be a sufficiently 
strong function of the lattice spacing, and the hyperfine field Hhf(T) is expressed as:  
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where S = 5/2 is the total spin of the Fe3+ ions, σ(T) is reduced hyperfine field Hhf(T)/Hhf(0), τ = 
T/TN is the reduced temperature, and Hhf(0) is the saturation hyperfine magnetic field, ζ  is fitting 
parameter, which involves the magneto-structural coupling coefficient. The value of this parameter 
controls the order of the magnetic phase transition [20]. A reasonably good fit to the B-R model was 
obtained for the magnitude of ζ = 0.53(1) that indicates a second-order phase transition. We 
estimated the saturation field Hhf(0) = 461.5(4) kOe and the point TN ≈ 168(1) K, which is close to 
the Neel point (∼163 K) found from magnetic measurements [20]. This shows that there are no any 
electronic and structural transitions in the whole magnetically ordered temperature range.  
Alternatively, the temperature dependence of Hhf(T) can be approximated using a power law 
Hhf(T) = Hhf(0)(1 – (T/TN)α)β, where β is a critical exponent and α is an empirical fitting parameter 
to describe the experimental data well below TN (T << TN). A reasonably good fit (Fig. 6 b) leads to 
H(0) = 473(2) kOe, TN = 165.4(8) K, α = 1.5(1) and β = 0.24(1). The value of the critical exponent 
well corresponds to the theoretical value βth = 0.23 expected for a systems with a 2D XY magnets 
[21]. However, the origin of the critical parameter β in the quasi-2D systems is far from trivial, due 
to competition between several interactions such as the magnetic coupling between layers and the 
strength of the crystal field (single-ion anisotropy), which can lead to a range of β values in the 
range 0.20 ≤ β ≤ 0.36. Further experimental and theoretical study is still required to reach a deeper 
understanding of critical dynamics and give a more definitive assignment of the universality class of 
this very interesting system.  
In the temperature range near TN (T → TN) we observed the rapid broadening of the Zeeman 
lines and then appearance of a paramagnetic quadrupole doublet whose partial contribution sharply 
increases with temperature (Fig. 7). The hyperfine parameters (δ, ∆) of the doublet well correspond 
to those observed for the paramagnetic temperature range. Such a spectral behavior is characteristic 
for isolated superparamagnetic particles or nanosized magnetic domains with the randomly flipping 
direction of the magnetization under the influence of temperature. In the case of Fe3PO7 the needle-
like domains can blocks of long-range magnetic order near the point TN suggesting strong thermal 
spin fluctuations. It should be noted, that the description of the experimental spectra was obtained 
by using anomalously high values of the anharmonicity parameter m ≈ 0.94(1), which remains 
almost constant in the range T < TN. We can speculate that the strong anisotropy is also associated 
with the presence of the needle-like domains. The best fit of the spectra is obtained when the easy 
(bunching) axis is directed along the line of intersection of the helical plane and the hexagonal (ab) 
plane (Fig. 2b). It is possible that the domain walls create local stresses in the (ab) causing a non-
uniform rotation of the iron spins. 
Finally, we will comment on the lower value of the saturated magnetic field Hhf(0) ≈ 462 kOe 
of Fe3PO7 in comparison to the 540-568 kOe values for the high-spin ferric ions in other 3D oxide 
systems [22]. This reduction can be related to the local magnetic surrounding of Fe3+ ions via the 
transferred hyperfine field resulting from the all nearest ferric neighbors along the c-axis and within 
the (ab) plane. The experimental hyperfine field Hhf is the vector sum of two main contributions:  
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where Hloc = HF + Hcov is the local field that is the sum of the free-ion field HF, produced by the 
Fermi contact interaction, and the covalent contribution Hcov, arising from the covalent transfer 
effects [23]. These two contributions are proportional to the vector <S> directed along the thermally 
averaged 3d spins. According to theoretical calculations [24, 25], Hloc ≈ (490 ÷ 500) kOe for Fe3+ 
ions in octahedral coordination, and Hloc ≈ (410 ÷ 420) kOe for Fe3+ ions located in tetrahedral 
oxygen surrounding. Unfortunately, we do not have any information concerning Fe3+ in trigonal 
bipyramid. The second term in (10), is contribution resulting from all single-bridged nearest ferric 
neighbors “n”, each proportional to the spin <Sn>, on the neighboring site, Bn is a positive scalar 
parameter depending on the superexchange iron-oxygen-iron bond angle (ψ) and direct iron-iron 
bond distance [23]: 
                                                    { } )(dirST)(2)()( cos)( nnnnnn hhhhB ++ψ−= pipiσ ,                                     (11)    
where hσ and hpi parameters arise from the supertransferred (ST) spin-polarization of iron s-orbitals, 
caused by the ligand p-orbitals that have been unpaired by spin transfer, via σ and pi bonds, into 
unoccupied 3d orbitals on the neighboring cations; hdir is the direct contribution arising from the 
overlap distortions of iron s-orbitals by 3d-orbitals of the neighboring ions. The calculations of 
Moskvin et al. [25] for ferrites RFeO3 have shown that |hσ| ≈ 10 kOe and |hpi| ≈1.6 kOe. For the face-
shared FeO5 pyramids, due to the compensation effect of the weakened antiferromagnetic kinetic 
exchange with the ferromagnetic potential s-d exchange [25], the direct contribution |hdir| usually 
does not exceed 9-12 kOe [16].  
Fe3PO7 exhibits noncollinear magnetic order, in which among six iron neighbors of the central 
iron there are two nearest neighbors with the same spin direction as the central ion and coupled with 
this one through direct exchange interactions (Fig. 1). The remaining four neighbors from triangular 
units in different c-axis layers, connected with the central ion by the supertransferred interactions 
Fe-O-Fe, have the opposite spin direction. Substituting in the Eq.11 the values of the angle ψ ≈ 1250 
[15] and parameters hσ = 10 kOe and hpi = 2 kOe [25], we evaluated the positive supertransferred 
contribution HST = 4×BST ≈ 18 kOe from Fe3+ ions in triangular units located in adjacent c-axis 
layers (a slight noncollinearity of neighboring iron moments leads to an error of not more than a 
few percent). This small positive contribution can be largely compensated by the negative “direct” 
contribution Hdir= -2×hdir ≈ -(18 ÷ 24) kOe from the two neighbors with the same spin directions as 
the central iron ion, giving a total contribution of zero to the Hhf field. As a result, the reduced Hhf 
value for Fe3PO7 is presented as Hhf ≈ HF + Hcov, where the large negative contribution Hcov = Hhf  -
 HF ≈ -168 kOe (we have chosen HF = 630 kOe [26]) arises from the Fe3+-O2-→ Fe2+-O-(L) charge 
transfer (where L denotes the oxygen hole). This conclusion agrees with the previously proposed 
explanation for the reduced effective moment per Fe3+ (µeff ∼ 4.2 µB) [2] in Fe3PO7, attributed to the 
charge transfer in this insulating compound. Finally, the charge transfer O2-→Fe3+ in the low-
symmetry distorted FeO5 polyhedra produces inter-configurational mixing effects, in particular, 
mixing of the 6A1g(d5) term with the orbitally active (<L> ≠ 0) 6T1g(d6L) term, inducing the single-
ion anisotropy for the charge transfer configuration d6L [16].    
We tried to fit the experimental Mössbauer spectra of Fe3PO7 assuming an alternative conical 
spin structure proposed in previous neutron diffraction study of polycrystalline samples Fe3PO7 [2]. 
This structure is characterized by the conical axis (n) directed along the crystal a axis (n || a) and 
the opening angle α ≈ 700 (Fig. S2), which produces a good fit to the neutron diffraction pattern [2]. 
Fig. S.1 shows the fitted spectra (recorded at T = 15 K ) for different values of the anisotropic the 
hyperfine field Han (=AanS) and the opening angle (α) (a detailed description is given in Supporting 
Information). As we can see from this figure, despite the number of variable parameters this model 
does not allow to account for the shape of the experimental spectra. Therefore, the presented 
Mössbauer data allow us to give some preference to the helicoidal phase-modulated spin structure. 
A similar choice between the two above models is difficult to discern from the neutron powder 
diffraction data [2].  
 
Conclusions 
We have carried out detailed 57Fe Mössbauer measurements on polycrystalline samples of 
Fe3PO7 that demonstrated the effectiveness of the suggested approach to analysis of the complex 
hyperfine magnetic structure of the spectra measured over a wide temperature range. The results 
presented above not only confirm several features of the helicoidal magnetic structure in Fe3PO7 but 
also allows refining the helical plane direction, which cannot be determined from neutron powder 
diffraction data. It has been shown that a good fitting of the experimental spectra can be achieved 
assuming that the electric hyperfine interactions are modulated when the Fe3+ spin rotates with 
respect to the EFG axis and emergence of spatial anisotropy of the hyperfine field Hhf at 57Fe nuclei. 
The large anharmonicity parameter, m ≈ 0.94, of the spiral spin structure resulting from easy-axis 
anisotropy in the plane of the iron spin rotation, can be related with the needle-like domains within 
the hexagonal (ab) plane. The Mössbauer spectra of Fe3PO7 cannot be described using alternative 
conical spin structure proposed in previous neutron diffraction studies. Analysis of the temperature 
dependence Hhf(T) with the Bean-Rodbell model leads to the structural factor ζ ≈ 0.53 that suggests 
that magnetic phase transition is second-order in nature but with strong coupling magnetic ordering 
to the lattice deformation. The lower value of the saturated magnetic field Hhf(0) ≈ 462 kOe is 
mainly related to the magnetic surrounding of Fe3+ ions via the supertransferred hyperfine field and 
large negative contribution Hcov ≈ -168 kOe arising from the Fe3+-O2-→ Fe2+-O-(L) charge transfer. 
The DFT calculations yield reliable charge distribution to which the EFG is so sensitive. It was 
shown that, in addition to lattice contribution Vlat, very large weight has electronic contribution Vel, 
arising from the asymmetric distribution of the p core and 3d valence electrons. From the calculated 
occupation number, the fluctuation of ∆nd is more pronounced than that of ∆np, indicating stronger 
anisotropic spatial distribution of Fe3+ 3d electrons. It was found that 3d electrons move from dx2-y2 
and dxy orbitals to dxz, dyz and dz2 orbitals, which correlates with the local symmetry of the distorted 
trigonal bipyramid (FeO5) clusters. Such electronic redistribution in the low-symmetry crystal field 
may give the small anisotropic contribution ∼(Ãorb + Ãdip)⋅S in the hyperfine field Hhf at 57Fe nuclei. 
However, we have shown that the main contribution to the observed anisotropy of Hhf is due to the 
anisotropy of the dipole field ÃD induced by the neighboring iron ions. 
 
 
Supporting Information Available: Figures S1, S2, and Table S1, additional details of Mössbauer 
simulation using conical spin structure, and additional details and results from DFT calculations. 
 
FIGURES CAPTIONS 
Figure 1. Schematic magnetic surrounding of Fe3+ in Fe3PO7 (exchange interactions and integrals 
within (J1) and between (J2) the triangles (Fe)3 along the c-axis are shown). Schematic 
representation of different contributions (hST and hdir) to the Hhf value for the phosphate.  
 
Figure 2. (a) 57Fe Mössbauer spectrum of Fe3PO7 recorded at T = 298 K (T >> TN) (the solid red 
line is the result of simulation of the experimental spectra). (b) Schematic view of the local crystal 
structure of Fe3PO7 (in hexagonal base) and directions of the principal EFG {Vii}i = x,y,z axes 
({α,β,γ} are the Euler angles, describing relation between principal (XYZ) axes of the EFG tensor 
and the rotation plane). 
 
Figure 3. 57Fe Mössbauer spectra (experimental hollow dots) of Fe3PO7 recorded at the indicated 
temperatures below TN. Solid red lines are simulation of the experimental spectra as described in the 
text.  
 
Figure 4. The resulting χ2 values for the fits of the spectra as a function of the variation in the angle 
(φ) between the helical plane direction n and the projection of the principal component VZZ on the 
(ab) plane (see the inset). The φ angle is directly related to Euler angle φ = cos-1{cosβ/0.643}. 
 
Figure 5. (a) Surface plot of the Ã tensor relative to the principal EFG {Vii}i = x,y,z axes, and (b) the 
elliptic-like contour of this function in the rotation plane of magnetic moments of iron ions. 
Distribution of Hhf ∝ Ã⋅S was calculated using formula (4) in 250 different iron sites (represented 
schematically by blue arrows) and taking the anharmonicity parameter m ≈ 0.94 (Hα and Hβ denote 
the maximal (Hα) and minimal (Hβ) anisotropic hyperfine field components). The red dashed line 
corresponds to the projection of the dipolar field hD(ϑ) (see Eq. 8) on the spin rotation plane.   
 
Figure 6. (a) Isomer shift δ(T) as a function of the reduced temperature (red solid line corresponds 
to the Debye approximation for the second-order Doppler shift), and quadrupole coupling constant 
eQVZZ plotted versus temperature (red solid line corresponds to the fitting using semi-empirical 
relation, see text). (b) Temperature dependence of hyperfine magnetic field Hhf(T). The dark broken 
line shows the Brillouin function with S = 5/2; the blue solid line corresponds to fit using the Bean-
Rodbell model; dashed dot line indicates the power law fit model.
 
 Figure 7. 57Fe Mössbauer spectra (experimental hollow dots) of Fe3PO7 recorded near the Neel 
temperature (T → TN). Solid lines are simulation of the experimental spectra as the superposition of 
magnetic (red line) and paramagnetic (blue line) subspectra. 
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Figure 1. Schematic magnetic surrounding of Fe3+ in Fe3PO7 (exchange interactions and 
integrals within (J1) and between (J2) the triangles (Fe)3 along the c-axis are shown). Schematic 
representation of different contributions (hST and hdir) to the Hhf value for the phosphate.   
Figure 2. (a) 57Fe Mössbauer spectrum of Fe3PO7 recorded at T = 298 K (T >> TN) (the solid red 
line is the result of simulation of the experimental spectra). (b) Schematic view of the local 
crystal structure of Fe3PO7 (in hexagonal base) and directions of the principal EFG {Vii}i = x,y,z 
axes ({α,β,γ} are the Euler angles, describing relation between principal (XYZ) axes of the EFG 
tensor and the rotation plane). 
(a) 
(b) 
Figure 3. 57Fe Mössbauer spectra (experimental hollow dots) of Fe3PO7 recorded at the indicated 
temperatures below TN. Solid red lines are simulation of the experimental spectra as described in 
the text.  
Figure 4. The resulting χ2 values for the fits of the spectra as a function of the variation in the 
angle (φ) between the helical plane direction n and the projection of the of the principal 
component VZZ on the (ab) plane (see the inset). The φ angle is directly related to Euler angle 
φ = cos-1{cosβ/0.643}. 
Figure 5. (a) Surface plot of the Ã tensor relative to the principal EFG {Vii}i = x,y,z axes, and (b) 
the elliptic-like contour of this function in the rotation plane of magnetic moments of iron ions. 
Distribution of Hhf ∝ Ã⋅S was calculated using formula (4) in 250 different iron sites (represented 
schematically by blue arrows) and taking the anharmonicity parameter m ≈ 0.94 (Hα and Hβ 
denote the maximal (Hα) and minimal (Hβ) anisotropic hyperfine field components). The red 
dashed line corresponds to the projection of the dipolar field hD(ϑ) (see Eq. 8) on the spin 
rotation plane.   
(a) 
(b) 
 Figure 6. (a) Isomer shift δ(T) as a function of the reduced temperature (red solid line 
corresponds to the Debye approximation for the second-order Doppler shift), and quadrupole 
coupling constant eQVZZ plotted versus temperature (red solid line corresponds to the fitting 
using semi-empirical relation, see text). (b) Temperature dependence of hyperfine magnetic field 
Hhf(T). The dark broken line shows the Brillouin function with S = 5/2; the blue solid line 
corresponds to fit using the Bean-Rodbell model; dashed dot line indicates the power law fit 
model.
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Figure 7. 57Fe Mössbauer spectra (experimental hollow dots) of Fe3PO7 recorded near the Neel 
temperature (T → TN). Solid lines are simulation of the experimental spectra as the superposition 
of magnetic (red line) and paramagnetic (blue line) subspectra. 
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1. Mulliken orbital populations 
Table S1. Mulliken µ-orbital populations σµµσµ = Pn , where the density matrices ( σµνP ) are defined as: 
 σ
=
σ
ν
σ
µ
σ
µν =
N
1i ii
CCP , where Nσ is the number of electrons with spin σ ("↑" or "↓"), the index "i" runs 
over all molecular orbitals (MO). The contribution of the basis atomic φµ orbital to the ith MO is 
equal to the square of the corresponding coefficients 2i )( σµC .  
 
 
3d-orbitals (2, 3)p-orbitals Orbital 
populations 
)( σµn   dx2-y2 dz2 dxz dyz dxy px py pz 
↓
µ
↑
µ + nn  1.1487 1.1506 1.2163 1.1546 1.1520 4.0487 4.0229 4.0178 
↓
µ
↑
µ − nn  0.8543 0.8529 0.8022 0.8542 0.8543 0.0104 0.0206 0.0207 
 
 
2. Magnetic Hyperfine Interactions (spin-dipolar interaction) 
The local spin dipole part arises from the magnetic dipole interaction of the magnetic nucleus 
with the magnetic moment of the electron (Eq. 6). The ligand field theory provides the folowing 
expressions for the dipolar contribution that can be used for the qualitative discussion (see text): 
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where PFe = gegNβeβN ≈ 17.25 MHz/au-3, <r-3>d is the average value of the inverse cubic of the 
distance between 3d electron and the nucleus (<r-3>d, (Fe3+) ≈ 5.63 - 6.68 a.u.-3 [11]).  
 
3. Mössbauer fitting using the conical spin structure  
We performed least-square-fitting of the Mössbauer spectrum recorded at 13 K assuming an 
alternative conical magnetic spin structure in Fe3PO7 [2].  
Assuming that a hyperfine coupling tensor, Ã, specifying the coupling between the nuclear 
spin and the electronic spin (S), is diagonal with respect to the principal axes of the EFG tensor with 
axial symmetry, the hyperfine field Hhf can be written as follows, 
                               Hhf = Ã⋅S = iAXX SX + jAYY SY + kAZZ SZ,                                          (S2) 
where SX = S⋅sinθcosϕ, SY = S⋅sinθsinϕ and SZ = S⋅cosθ are projections of Fe spin vector S on the 
principal axes of the EFG tensor (θ and ϕ are the polar and azimuthal angles in the expressions for 
the first )1(Qε  and second 
)2(
Qε  order quadrupole shift of the Zeeman components (see text, Eq. 3)), 
Aii are the values of the principal components of the hyperfine coupling tensor Ã. The expression 
(S2) suggests that the observed anisotropy of the hyperfine field Hhf can be analyzed in terms of 
anisotropy (AXX ≠ AYY ≠ AZZ) of the hyperfine coupling Ã tensor. In this formalism, the value of the 
hyperfine field Hhf(θ, ϕ) can be represented as 
    
222222222222
hf )()()(  ++=++=
i
z'iz'ZZ
i
y'iy'YY
i
x'ix'XXZZZYYYXXX SCASCASCASASASAH ,    (S3) 
where x'S = S⋅sinαcosϑ, y'S = S⋅ sinαsinϑ, and z'S = S⋅cosα are the projections of the spin vector S 
in the cylindrical coordinate system x'y'z' for cone arrangement of magnetic moments, which tip out 
from cone symmetry axis (N) to an angle α and rotate about this axis by an angle ϑ (Fig. S1). The 
elements {Cij} of the (x'y'z')  (XYZ) transformation matrix C are expressed in terms of three Euler 
angles {Θ, Φ, ψ}. In our case, the angle ψ has a fixed zero value and the following two angles serve 
as the adjustable parameters: Θ is the azimuth angle between the directions of the principal 
component VZZ and the N axis, and Φ is the angle that determines the orientation of the projection of 
the N axis onto the (XY) plane (Fig. S1).  
Using the above transformation, we found the expressions θΘΦα(ϑ) and ϕΘΦα(ϑ) connected the 
spherical angles in the quadrupole shifts )1(Qε  and
)2(
Qε  (Eq. 3) with the rotation angle (ϑ) of the iron 
magnetic moments.  
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,                        (S3) 
where the (Θ, Φ, α) angles serve as the fitted parameters that determine the orientation of the cone 
(Θ, Φ) in the EFG coordinate system XYZ, as well as the parameters of the cone itself (α). 
 
The 
values ϑ is varying continuously between 0 and 2pi depending on the coordinates of iron ions along 
the helix propagation (the rotation step ∆ϑ was assume to be ∼pi/40 that is sufficient to reproduce 
for such resolved Mössbauer spectra). The final expressions εQ(ϑΘΦα) and Hhf(ϑΘΦα) used in 
analyzing the spectra were obtained by substituting the dependencies θΘΦα(ϑ) and ϕΘΦα(ϑ) into 
equations (3) and (S3), respectively.  
The procedure of spectrum fitting was performed in three ways as it is shown at Fig. S1 
supposing the direction of cone axis parallel to a crystal axis: (a) α angle is set as 700 as it was 
proposed in [2] and the hyperfine field anisotropy was no taken into account; (b) α angle is set as 
700 and the hyperfine field anisotropy was taken into account in accordance with Eq. 4 (see text); 
(c) angle is not fixed and the hyperfine field anisotropy was taken into account in accordance with 
Eq. 4. One can noticed that there is no sufficient fit quality in all three approaches (Fig. S2) thus 
excluding the cone model of the magnetic structure of Fe3PO7. 
 
Figure S1. Schematic view of the cylindrical coordinate system (x'y'z') and directions of the 
principal EFG {Vii}i = X,Y,Z axes ({Θ, Φ, ψ = 0} are the Euler angles, describing relation between 
principal (XYZ) axes of the EFG tensor and the rotation plane).   
 
Figure S2. 57Fe Mössbauer spectra (experimental hollow dots) of Fe3PO7 recorded at 13 K. Solid 
red lines are simulation of the experimental spectra assuming a conical magnetic spin structure in 
Fe3PO7 as described in the text.  
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Figure S1. Schematic view of the cylindrical coordinate system (x'y'z') and directions of the principal EFG 
{Vii}i = X,Y,Z axes ({Θ, Φ, ψ = 0} are the Euler angles, describing relation between principal (XYZ) axes of the 
EFG tensor and the rotation plane).   
 
Figure S2. 57Fe Mössbauer spectra (experimental hollow dots) of Fe3PO7 recorded at 15 K. Solid red lines 
are simulation of the experimental spectra assuming a conical magnetic spin structure in Fe3PO7 as described 
in the text. Han is anisotropic part of the hyperfine field as described in eq. (4) (Han = S[2Azz - Axx - Ayy]). 
 
